Autism has been characterized by atypical task-related brain activation and functional connections, coinciding with deficits in sociocommunicative abilities. However, evidence of the brain's experience-dependent plasticity suggests that abnormal activity patterns may be reversed with treatment. In particular, neurofeedback training (NFT), an intervention based on operant conditioning resulting in self-regulation of brain electrical oscillations, has shown increasing promise in addressing abnormalities in brain function and behavior. We examined the effects of ≥ 20 h of sensorimotor mu-rhythm-based NFT in children with high-functioning autism spectrum disorders (ASD) and a matched control group of typically developing children (ages 8-17). During a functional magnetic resonance imaging (fMRI) imitation and observation task, the ASD group showed increased activation in regions of the human mirror neuron system following the NFT, as part of a significant interaction between group (ASD vs. controls) and training (pre-vs. post-training). These changes were positively correlated with behavioral improvements in the ASD participants, indicating that mu-rhythm NFT may be beneficial to individuals with ASD.
Introduction
Numerous findings support the hypothesis that social deficits in autism spectrum disorder (ASD) result from abnormal function in brain regions and networks associated with social cognition and action perception (Pelphrey & Carter, 2008; Misra, 2014) . In particular, functional abnormalities have been observed in brain regions constituting the human mirror neuron system (hMNS) (Ramachandran & Oberman, 2006; Dapretto et al., 2006; Hadjikhani et al., 2006; Perkins et al., 2010 ; although see Hamilton, 2013) . The hMNS is a potential neurobiological substrate for many aspects of human social cognition, particularly those directly relevant to the behavioral and cognitive deficits observed in ASD (Williams et al., 2001; Pineda, 2009) , including the ability to comprehend actions, understand intentions, and learn through imitation. First described in single-unit recordings by Rizzolatti and colleagues in the macaque monkey (DiPelligrino et al., 1992) , mirror neurons are involved in both selfinitiated action and the representation of action performed by others. Neurons in the monkey analog to the human pars opercularis of the inferior frontal gyrus (IFG) and in the inferior parietal lobule (IPL) show increased firing during execution and observation of the same action, representing a potential mechanism for mapping perceived biological motion onto the perceiver's sensorimotor systems (Rizzolatti & Craighero, 2004; Pineda, 2005) . Indeed, a homologous network with similar functional properties has been described in humans using magnetoencephalography and functional magnetic resonance imaging (fMRI) (Hari et al., 1998; Iacoboni, 1999; Buccino et al., 2001) .
Although some investigators have raised questions about the role of mirror neurons in human social behavior (Dinstein et al., 2008; Hickok, 2009; Turella et al., 2009) , an increasing amount of work suggests that a dysfunction in the hMNS contributes to social deficits in ASD (Nishitani et al., 2004; Oberman et al., 2005; Th eoret et al., 2005; Dapretto et al., 2006; Hadjikhani et al., 2006; Bernier et al., 2007; Perkins et al., 2010; Oberman et al., 2013) . Individuals with ASD exhibit marked impairment in social skills, from joint attention to the theory of mind (Carpenter et al., 1998; BaronCohen, 2009 ). More specifically, many studies show reduced activation in tasks involving social cognition and action imitation (Nishitani et al., 2004; Oberman et al., 2005; Dapretto et al., 2006; Hadjikhani et al., 2006; Williams et al., 2006; Bernier et al., 2007; Martineau et al., 2008) , some show increased activation (Martineau et al., 2010) , and in some instances selective abnormalities have been reported (Th eoret et al., 2005; Oberman et al., 2008) . A recent study showed functional and structural differences in connectivity between regions involved in action imitation in ASD (Fishman et al., 2015) . Notably, despite reduced activation, participants are still able to perform tasks related to social behaviors such as imitation -perhaps because of compensatory activation of other brain systems (Dapretto et al., 2006) or normal hMNS function in specific social contexts (McIntosh et al., 2006; Oberman et al., 2008) .
Studies using electroencephalography (EEG) have shown that putative electrophysiological biomarkers of hMNS activity show abnormalities in ASD (Oberman et al., 2005 (Oberman et al., , 2008 Bernier et al., 2007) . Accumulating evidence links the spectral dynamics of an EEG signal known as mu-rhythm to the hMNS (Pineda, 2005; Braadbaart et al., 2013; Fox et al., 2016) . Particularly relevant is scalp-recorded EEG activity in the alpha mu (8-13 Hz) range that is most evident over the central scalp region overlying the sensorimotor cortices and is modulated by motor activity (Pfurtscheller & Neuper, 1994) . More specifically, studies have indicated that low mu (8-10 Hz) is more related to nonspecific factors, such as attention, while high mu (10-12 Hz) reflects motor processing (Pfurtscheller et al., 2000) . Relative to baseline, mu-power is suppressed, not only during execution, but also during the observation and imagination of body movements (McFarland et al., 2000; Pineda et al., 2000; Muthukumaraswamy et al., 2004; Pfurtscheller et al., 2006) . A multimodal study showed that suppression of mu-power is correlated with fMRI blood-oxygenation-level-dependent signal activations in areas associated with the hMNS (Arnstein et al., 2011) . In ASD, mu-rhythm suppression is absent during observation of body movements, supporting the role of an altered hMNS in the disorder (Oberman et al., 2005; Oberman & Ramachandran, 2007) . But, evidence suggests that the system is not beyond repair, because mu-suppression is intact when the people being imitated or observed are familiar to the ASD participant (Oberman et al., 2008) .
These findings motivate the use of neurofeedback training (NFT) in the context of treatment for ASD (Pineda et al., 2012) . This intervention has shown promise in research and clinical applications including lowering seizure incidence in epilepsy (Sterman, 1996; Walker, 2008) , affecting corticomotor response to transcranial magnetic stimulation (Ros et al., 2010) and brain activation during a Stroop task in unmedicated children with ADHD (L evesque et al., 2006) . The NFT also requires less time to be efficacious compared with other behavioral interventions and produces fewer side-effects than pharmacotherapies (Fuchs et al., 2003; Fox et al., 2005) . In terms of outcomes, a variety of studies demonstrate that the NFT produces positive behavioral and electrophysiological changes in children with ASD (Coben et al., 2014; Pineda et al., 2008 Pineda et al., , 2014  should add another researcher). Specifically, improvements in sociability and attention occur, as well as normalization of action-observation-related mu-rhythm suppression that is normally absent (Pineda et al., , 2014 . Because mu-suppression is a putative index of hMNS activity, NFT targeting the mu-rhythm may be able to produce neuroplastic changes in this network. Because this system is thought to be critical for social behaviors, and functions abnormally in autism, mu-NFT could thus be beneficial in attenuating the social deficits in ASD. These observations led Coben et al. (2010) to argue that while further research is necessary, current studies support a Level 2 determination of 'possibly efficacious' for the application of neurofeedback in autism.
In the present study, we examined the effects of approximately ≥ 20 h of mu-NFT in a group of 17 high-functioning ASD children and a matched comparison group of 11 typically developing (TD) children, ages 8-17 years. We tested the prediction that NFT would produce changes in functional brain activation during an object-directed imitation task. More specifically, we predicted that before NFT, brain activation in the hMNS regions would be significantly lower in the ASD (compared with the TD) group, while following the NFT group differences in hMNS would be reduced. We also predicted that NFT-related changes in imitation-related brain circuits would be more pronounced in the ASD group, where imitation behavior, hMNS activation, and mu-rhythm dynamics are compromised, compared with the TD group. Finally, we predicted that the severity of social symptoms in autism would be reduced following training, and that this reduction would correlate with changes in fMRI activation.
Methods

Participants
Seventeen high-functioning ASD (mean age = 12.51 AE 0.76; 13 male; IQ > 80) and 11 TD participants (mean age = 10.64 AE 0.75; seven male) were recruited for the study. Participants were recruited from San Diego and Los Angeles Counties via local support groups for children with ASD and other disabilities, from local schools and recruitment posters, and via Valerie's List, a San Diego internet-based autism support group. Participants and parents gave informed assent and consent, respectively, in accordance with the Helsinki Declaration. The University of California, San Diego's Institutional Review Board approved the study. All but three participants in the ASD group had their diagnoses verified by a clinician immediately before our study using the Autism Diagnostic Observation Schedule (ADOS) (Lord et al., 2000) and Autism Diagnostic Interview (ADI) (Rutter et al., 2003) , and all but one met the criteria of high-functioning autism with an IQ greater than 80 based on the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) . For the three participants whose diagnoses were not based on ADOS or ADI, we used their psychoeducational evaluations, which are a component of the triennial evaluation required of all special education students in the San Diego school district. One participant received intelligence testing using the Kauffman Assessment Battery for Children (Cahan & Noyman, 2001 ) instead of the WASI.
Seven of the ASD participants and four of the TD participants were excluded from the final statistical analyses because of excessive head motion during one or both fMRI sessions (four ASD, one TD), inability to complete the post-training fMRI scan (two ASD), structural brain abnormality preventing proper registration in standard space (one ASD), or inability to complete the NFT (three TD). Following these exclusions, groups were matched for age and WASI IQ. Demographic and diagnostic information is summarized in Table 1 .
Neurofeedback training
The training process involved EEG recordings from the C4 electrode over right sensorimotor cortex and extracting power in the mu-frequency band (8-13 Hz), which was in turn used to control a video game or movie. Both the game and movie activities required keeping mu-power above a threshold, which was determined before each session based on the participant's 1-min baseline amplitude at the start of the session. Training also included inhibiting amplitude in other specified EEG frequencies (theta: 4-8 Hz and beta: 13-30 Hz) and keeping them below a pre-defined amplitude threshold as per standard protocols (Othmer, 2012) . During training, participants saw a display of three threshold bars alongside the game/movie window. One corresponded to the rewarded mu-frequency and the other two corresponded to the inhibited frequencies. Rewards (e.g., a car moving faster around a race track on the screen, or an increase in the size of the video playback while viewing a movie) were given based on satisfying two conditions: (i) power in the specified frequency (8-13 Hz mu-band) exceeded each participant's individually set threshold, and (ii) power from the theta (related to blinks) and beta (related to muscle movement) activity was below threshold. Theta and beta inhibition feedback was included in the design for two reasons. First, it ensured that individuals could not advance in the game or expand the DVD viewing window by producing movementinduced power increases across the entire EEG spectrum. Second, it allowed for distinguishing between improvement effects as a function of EEG modulation as opposed to modulation of autonomic nervous system and muscle activity. because of scheduling issues, not all participants reached the target of 30 h of training on a regimen of two 45-min training sessions per week for 20 weeks. Actual training varied individually between 20 and 30 h, as detailed in Table 2A .
To demonstrate that learning occurred as a result of the NFT, and that subjects improved their ability to modulate mu on demand during the sessions, we measured the relationship between two values in each session: mu-amplitude during a baseline period of one minute before the beginning of each session, and average mu-amplitude over the course of the session itself. Increased baseline or session mu-power by themselves, over the course of all sessions would not necessarily indicate that subjects were improving in their ability to increase mu-volitionally when asked to do so during the session. Therefore, for each session, we calculated a log ratio between these two values as: Log 10 (Mu Session /Mu Baseline ).
We also calculated this ratio for two subdivisions of the mu-band (8-10 and 10-12 Hz) to separate nonspecific from specific effects. Subjects' improved ability to volitionally increase amplitude over the threshold over the course of training sessions was measured by calculating the Pearson correlation between the number of sessions completed by each subject and the log ratio of session power to baseline power. Those values were normalized by performing a Fisher transformation to ensure a more normal distribution for further statistics.
Behavioral assessments
Two pen-and-paper questionnaires, the Autism Treatment Evaluation Checklist (ATEC) (Magiati et al., 2011) and the Social Responsiveness Scale (SRS) (Constantino et al., 2003) , were given to one of the parents of each participant before and after training. Scores are summarized in Table 1A (see Supporting information for details).
Imitation task
All participants performed an imitation task during fMRI. See Supporting information for detailed scanning parameters, and methods for preprocessing and analysis of fMRI data. We tested the prediction that NFT would produce changes in functional brain activation during an object-directed imitation task based on a previous study that required boni, 1999) . These conditions elicited activation in two areas associated with the hMNS: the IPL and superior temporal sulcus (STS). The task has also been used to demonstrate activation differences between ASD and TD groups in those two areas (Williams et al., 2006) . However, the study by Williams and colleagues did not show activation or significant group differences in IFG. This lack of activation is critical because IFG is considered a core component of the hMNS (Rizzolatti & Craighero, 2004) and is one of the potential sites of NFT-related plasticity. Therefore, for the present study, we used a modified version of this task by having participants observe a hand pressing buttons and imitate those actions on an identical button box ( Fig. 1 ). This changed the task from requiring imitation and observation of meaningless movement to one based on object-directed movement. This type of action has been shown to elicit stronger activations in mirror areas, specifically in IFG (Muthukumaraswamy et al., 2004) , making our task more appropriate for a comprehensive study of differences in mirroring-related activation between ASD and TD participants. Activation during the different conditions shown in Fig. 1 was combined into three contrasts: imitation, observation, and imitation + observation. For imitation, activations during Conditions 2 and 3 were subtracted from Condition 1. For observation, activations during Conditions 5 and 6 were subtracted from Condition 4. Finally, the imitation and observation contrasts were averaged together to create the imitation + observation contrast.
For each of the three contrasts, two separate whole-brain t-tests were performed to compare activation between ASD and TD groups: one for pre-NFT activation and another for post-NFT. Two additional whole-brain t-tests were performed for pre-vs. post-NFT activation within each group (i.e. ASD pre-vs. ASD post-training). All t-tests were family wise error rate (FWER) corrected for multiple comparisons at the cluster level to P < 0.05 (Forman et al., 1995) .
For each contrast, a whole-brain analysis of variance (ANOVA) was performed on the brain activation data, with group status (ASD, n = 10; TD, n = 7) and training status (pre-NFT or post-NFT) as the two main factors. The results passed an uncorrected voxelwise threshold of P = 0.02 and were then FWER-corrected for multiple comparisons at the cluster level to P < 0.05.
ANOVAs were then performed for each contrast to test for interactions between group (ASD and TD) and training status (pre-NFT and post-NFT) in two different sets of regions of interest (ROIs). One set of the ROIs was derived from a meta-analysis of 87 fMRI studies of imitation that identified fourteen consistently activated regions (Caspers et al., 2010) . Center coordinates for each ROI listed in that study were converted from MNI to Talairach space (Talairach & Tournoux, 1988) (Table 6) , and spherical ROIs with a 7 mm radius were created around them. A second set of seven ROIs was created from the activation maps for the imitation + observation contrast in ASD and TD groups pooled together. Coordinates of each ROI's center of mass were used as the center coordinates (Table 6) for seven spherical ROIs with 7 mm radius.
Covariance of ASD symptom severity and brain activation
Finally, we investigated whether ASD symptom severity covaried with the changes in fMRI activation between post-vs. pre-NFT scans. Specifically, we performed separate whole-brain analysis of covariance (ANCOVA) tests comparing the pre-NFT to post-NFT activation in the ASD group, with ADOS (sociocommunicative subscale), ADI (social subscale), ATEC, and SRS scores as covariates. While the ADOS and ADI scores only had one score per participant, ATEC and SRS scores from before and after NFT were converted into a difference score for each participant (equal to the post-NFT score minus pre-NFT score for each measure) to facilitate their use as covariates. All results passed an uncorrected voxelwise threshold of P = 0.02 and remaining clusters were FWER-corrected for multiple comparisons to P < 0.05. 
Post-vs. pre-NFT % correct trials
Post-vs. pre-NFT reaction time (correct trials) Post-vs. Pre-NFT RMSD (pre-censoring) P < 0.14 P < 0.08
Post-vs. Pre-NFT percent censored P < 0.047 P < 0.01
Results
Behavioral
We computed the correlation between post-NFT minus pre-NFT imitation activation changes (with each of the four clusters of group 9 training interaction individually) and the session power correlations, and determined the P-value for that correlation. For each group individually, these correlations were not significant (example for cluster in right IPL: ASD r = 0.52, P = 0.188; TD r = 0.36, P = 0.424). Collapsing across both ASD and TD groups, there was a significant and positive correlation between fMRI task activation change in the cluster in right IPL (Cluster 1 on Table 5 ) and the ratio of mu/baseline session power across sessions (r = 0.52, P = 0.049). This effect was slightly stronger when specifically looking at low alpha instead (8-10 Hz, r = 0.57, P = 0.028), but not high alpha (10-12 Hz, r = 0.28, P = 0.31). Groupwise accuracy and reaction time data for the imitation task are summarized in Table 2B . Correct trials were trials in which the participant accurately imitated and pressed the same button or buttons as presented on the screen. Accuracy on the imitation task did not differ significantly between groups either pre-NFT (ASD M = 83.8%, TD M = 86.6%, P = 0.65) or post-NFT (ASD M = 86.0%, TD M = 87.5%, P = 0.89), or within groups pre-vs. post-NFT (ASD P = 0.77, TD P = 0.93). Reaction time on correct trials did not differ between groups pre-NFT (ASD M = 1.15 s, TD M = 1.15 s, P = 0.99) or post-NFT (ASD M = 1.28 s, TD M = 1.09 s, P = 0.43), or within groups pre-vs. post-NFT (ASD P = 0.54, TD P = 0.59).
Group averages for root mean squared deviation of head motion during the task scans are summarized in Table 2C . There were no significant group differences in head motion either between groups or within groups before vs. after the training.
Pen-paper/parental assessment data
Between-group t-tests were performed on the data from each penpaper and parental assessment collected. Group averages, as well as the results of these statistical tests are summarized in Table 1A (subset of subjects with usable fMRI data) and Table 1B (full sample of subjects who completed the NFT, with or without usable fMRI data). For the subset, groups did not significantly differ on age (ASD M = 13.3; TD M = 11.3, P = 0.20) or WASI scores for either the full-scale (ASD M = 101.1; TD M = 115.6, P = 0.16), verbal only (ASD M = 99.1; TD M = 111.6, P = 0.19), or non-verbal only WASI (ASD M = 98.6; TD M = 113.0, P = 0.18).
The ASD group showed significant improvements in the SRS for the full sample after NFT (pre-NFT M = 79.5; post-NFT M = 70.6; P = 0.013), but only approached significance for the subset (pre-NFT M = 75.6; post-NFT M = 68.7; P = 0.095). For the ATEC, the ASD group showed significant improvements for both the full sample (pre-NFT M = 42.06; post-NFT M = 30.8; P = 0.016) and the subset (pre-NFT M = 38.7; post-NFT M = 27.2; P = 0.034).
Activation for imitation and observation combined
Results reported here are for the combined imitation+observation contrast only. Results for the two separate imitation and observation contrasts are in Supporting information. Pre-NFT, the TD group showed clusters of activation in hMNS areas including left IPL, left superior parietal lobule, bilateral IFG, and bilateral STS. The ASD group showed clusters of activation in left STS and bilateral cuneus. On between-group tests, the ASD participants had significantly lower activation compared with the TD group in precuneus, cingulate cortex, bilateral inferior temporal cortex, left premotor cortex, and right IFG (Table 3 , Fig. 2A) . Instructions were to imitate finger movements shown in videos of a hand pressing one or both buttons on a button box. (C) Condition 2 controlled for visual movement: stimuli were still images, instead of movies, of the same hand and button box, with a black dot in front of either or both of the fingers as an indicator of which button to press. (D) Condition 3 controlled for spatial features: a blurred background with the same luminance as the hand picture was shown, with black dots within a rectangle as the indicators of which button the participant should press. Each block contained nine stimuli (three each for index, middle, and both fingers) shown in pseudo-random order for 2.5-s each, with 0.5-s inter-stimulus intervals. In Conditions 4-6 (blue borders), stimuli were identical to those in Conditions 1-3 (red borders), but participants were instead instructed to observe and pay attention without responding (Observation during video stimuli = Condition 4; observation of still images = Condition 5; observation of blurred still images = Condition 6).
Post-NFT (compared directly with pre-NFT), the ASD group had significantly higher activation in the right IPL (BA 40). TD participants showed widespread lower activation after NFT, including clusters in bilateral precentral gyrus (BA 4 and 6), right IFG, left IPL and supramarginal gyrus, and bilateral occipital areas. In betweengroup t-tests of post-NFT scans, the significant differences between the ASD and TD groups seen before NFT were absent (i.e., there were no clusters of significant between-group activation differences for the post-NFT scans; Table 4 , Fig. 2A and B) .
In a whole-brain ANOVA, four significant clusters of interaction between group and training status were observed. These were located in right IPL, left IPL, right precentral gyrus, and left cuneus (Table 5 and Fig. 2C ). Follow-up t-tests revealed that all of these interactions were driven by post-NFT increases in activation in the ASD group (Cluster in right IPL: pre-NFT b mean = À0.25, SEM = 0.13; post-NFT b mean = 0.71, SEM = 0.23; P = 0.002) and by post-NFT decreases in activation in the TD group (pre-NFT b mean = 1.24, SEM = 0.45; post-NFT b mean = À0.20, SEM = 0.24; P = 0.015).
Meta-analysis ROI-based analysis
ROI-based ANOVAs performed with activation data within the 14 ROIs based on the meta-analysis (Caspers et al., 2010) showed several main and interaction effects (Table 6 , Fig. 3A ). There was a main effect of training in the right ventral IPL (referred to as Right SII/IPL by Caspers et al.) (F 2,15 = 4.76, P = 0.037). There were also significant interaction effects between group and training status in right medial premotor cortex (F 2,15 = 6.38, P = 0.017) and right lateral dorsal premotor cortex (F 2,15 = 4.48, P = 0.0427). Follow-up t-tests suggested that these interactions were driven by inverse trends of slightly increased activations in the ASD group (R med PMC pre-mean b = 0.04, post = 0.36, P = 0.27; R lat dPMC pre = À0.27, post = 0.13, P = 0.27), vs. slightly decreased activations in the TD group (R med PMC pre-mean b = 0.50, post = À0.45, P = 0.06; R lat dPMC; pre = 0.65, post = À0.21, P = 0.11).
Imitation task ROI-based analysis
We also observed main and interaction effects within the ROIs based on activation in the present study's imitation task (Table 6 , Fig. 3B ). There was a main effect of training status in the left postcentral gyrus ROI (F 2,15 = 6.62, P = 0.015). There were significant interactions between group and training status in the right IFG (F 2,15 = 6.95, P = 0.013) and right precentral gyrus ROIs (F 2,15 = 4.5, P = 0.042). Follow-up t-tests revealed a similar pattern as the first set of ROIs, with interaction effects reflecting inverse trends of ASD increases (R IFG pre-mean b = 0.45, post = 0.63, P = 0.64; R Precentral pre = 0.57, post = 1.00, P = 0.40) and TD decreases in activation (R IFG pre-mean b = 1.33, post = À0.003, P = 0.008; R Precentral pre = 1.35, post = 0.27, P = 0.03).
Covariance of ASD symptom severity and brain activation
In a whole-brain ANCOVA in the ASD group, there was one cluster of significant covariance between post-NFT vs. pre-NFT task activation and changes in the SRS scores. Within this cluster, located in left IPL (Fig. 2D, Table 7 ), increased activation was correlated with decreased SRS scores (lower symptom severity). In a similar test that used the change in the ATEC scores as a covariate, eight clusters of significant negative correlation were found (Fig. 2D , Table 7 ), located in left middle/IFG, cerebellum, left superior parietal lobule, right precentral gyrus, left temporal gyrus, left central sulcus, and right cuneus. Like with the SRS scores, increased post-NFT activation was correlated with decreased symptom severity as measured by the ATEC.
Diagnostic symptom severity pre-NFT, as measured by the ADOS-Sociocommunicative subscale, was negatively correlated with increased post-vs. pre-NFT task activation in a cluster in left IPL (Fig. 2D, Table 7 ). Greater changes in task activation were related to lower initial ASD symptom severity. Scores on the ADI-social subscale did not show significant correlations with activation changes. 
Discussion
The present study investigated the effects of sensorimotor mu-based NFT on imitation-related brain activation. It assessed social behaviors in a group of high-functioning children and adolescents with ASD, compared with a matched group of TD controls. The results show learning during NFT and support the hypothesis that mu-NFT has positive behavioral effects (reduced symptom severity on the ATEC and SRS) in children with ASD. Furthermore, we report for the first time that these benefits are accompanied by -and in fact correlated with -neurophysiological changes in imitation-related brain areas following the training. Consistent with previous studies (Dapretto et al., 2006) , we first predicted that before the NFT, imitation-related brain activation would be atypically reduced in the ASD group in areas associated with imitation and action-observation, including IPL and IFG. In a modified version of an imitation task (Iacoboni, 1999) , in which participants imitated and observed object-directed finger movement, TD participants showed significant activation in several areas considered core regions of the hMNS, including IPL, IFG, and STS. In contrast, ASD participants showed a comparatively limited pattern of activation, restricted to visual and posterior temporal areas, during the same task. In a direct comparison between these groups, ASD participants showed significantly lower activation in several areas but most notably in right IFG. As a core area of the hMNS, reduced activation in IFG is indicative of a disruption to this network in the ASD group. This finding, consistent with previous reports (Dapretto et al., 2006) , also suggests that increased function in IFG is a potential mechanism for the NFT-related improvements in behavior seen in previous studies.
We predicted that hMNS activation differences between ASD and TD groups would be reduced after NFT, and that this effect would be driven primarily by increases in post-NFT activation in the ASD group. We tested these predictions using two ROI-based approaches. In one, the ROIs were obtained from a meta-analysis (Caspers et al., 2010) , while the second approach used activation in the present study's imitation task. Both analyses yielded concordant interaction effects between group and training status in right medial and lateral premotor and inferior frontal regions, driven by activation increases post-NFT in the ASD group, as well as decreases in the TD group. The finding of significant interaction with training in right premotor cortex or right IFG across both sets of ROIs is consistent with our prediction that mu-rhythm NFT would target areas associated with the hMNS. This novel finding supports the idea that neuroplastic changes in these areas are indeed involved in altering the dynamics of mu-rhythm during the NFT process.
We also used a whole-brain field-of-view to test the prediction that NFT would lead to reduced group differences in activation. Using this approach, we found significant interaction effects between group (ASD and TD) and training status (pre-NFT and post-NFT) in four areas: left and right IPL (Brodmann Area 40), right precentral gyrus (BA 6), and left cuneus (BA 17). We also found that the activation changes in right IPL were correlated with our measure of increased volitional control of mu-amplitude across all training sessions, suggesting that the amount of learning that occurs during NFT directly influences the changes occurring in this area of the hMNS. Bilateral IPL is particularly notable because of its role in sensorimotor integration (Andersen, 1987) , and in the perception and performance of goal-directed actions (Bonda et al., 1996) . Because of these functional associations, and because it is positioned structurally between visual areas and anterior areas of the hMNS (premotor cortex and IFG) (Andersen et al., 1990) , IPL is considered a central hMNS hub (Rizzolatti & Craighero, 2004) . Therefore, the increased activation in IPL following NFT in the ASD group suggests that this treatment enhanced visuomotor integration between the core areas of the hMNS during imitation in the ASD group.
Interaction effects from both the ROI and whole-brain approaches were driven by the same pattern of group differences in activation. In the regions showing these interaction effects, the TD group showed lower imitation-related activation after NFT, whereas the ASD group showed increased activation. This finding is surprising in view of the behavioral results, which indicated that both groups performed at easy to compare levels on the task both before and after NFT. There were no effects of NFT on overall accuracy for either group, despite the post-NFT changes in activation.
Our final prediction was that the severity of social symptoms in the ASD group would be reduced following training, and that this reduction would correlate with increased hMNS activation during imitation. In the ASD group, there were significant improvements in the SRS and ATEC scores following the NFT. No corresponding changes were seen in the TD group, indicating that the benefits conferred by sensorimotor mu-NFT may specifically benefit children with ASD. The finding of a significant interaction between training status, hMNS activation, and NFTrelated changes in the ATEC scores suggests that the behavioral improvements previously observed with NFT (Pineda et al., , 2014 ) have a neurophysiological basis in hMNS areas. In followup t-tests, this interaction was driven primarily by increases in hMNS activation, as well as decreases in the ATEC scores (behavioral improvement), in the ASD group following training. Together with the finding of changes in the SRS, this suggests that increases in the hMNS activation resulting from mu-NFT are accompanied by positive changes in personal behavior as measured by parental assessment. In addition to using tests designed to measure longitudinal changes in behavior, we also investigated the relationship between initial severity of ASD symptoms and NFT-related neurophysiological outcomes. The results indicated a link between the magnitude of changes in activation in left IPL (before vs. after NFT) and pretraining ADOS scores. Specifically, greater NFT-related changes were negatively correlated with ADOS scores. This suggests that the particular regimen of NFT used in this study is most beneficial to individuals on the highest end of the functional autism spectrum. The correlation between hours of training completed and ADOS scores (social and communicative subscales combined) was not significant, suggesting that this effect of initial symptom severity on NFT-induced activation changes was not the result of participants with more severe symptoms completing fewer hours of training (r = 0.02, P = 0.96). Taken together, these neurophysiological and behavioral findings indicate that the NFT can improve the functionality of the hMNS, resulting in greater recruitment of previously underutilized areas, and that these neurofunctional changes are linked to improvements in core ASD symptomatology.
While the results of the present study are novel and potentially highly significant, there are some caveats to their interpretation. One limitation was the lack of a sham treatment condition, in which the feedback received by participants during training sessions would not reflect their live EEG signal but instead might be based on the signal from a previously recorded session. Parents were aware that their children received an active treatment, and an expectation of behavioral improvements may have affected their ratings on SRS and ATEC questionnaires. However, the correlations between caretaker assessments and changes in brain activation suggest that the behavioral changes did in fact have an underlying neurophysiological basis in areas related to action-observation and imitation. Furthermore, the comparison to a TD group helped control for nonspecific factors accounting for the efficacy of mu-NFT. A frequent criticism of studies of the clinical efficacy of NFT is that a number of psychosocial and expectancy effects could be a larger factor in the results than the NFT itself (Thibault et al., 2016) . In the present study, the lack of similar changes in both groups suggests that our protocol not only had an effect on the areas we predicted, but did so specifically for ASD participants.
It is also worth noting that while our NFT protocol specifically rewarded increasing amplitude in the mu-frequency band, this was accompanied by a requirement that participants minimize amplitude in the theta and beta bands. Some previous studies have shown improvements in executive function in children with ASD after NFT specifically targeting the theta and beta bands (Kouijzer et al., 2009) . While the hypotheses of the present study drew largely from the evidence often used to support the so-called 'broken mirror' hypothesis of ASD (Williams et al., 2001; Ramachandran & Oberman, 2006; Fox et al., 2016) , we make the important distinction that hMNS dysfunction in ASD appears to be context-dependent (McIntosh et al., 2006; Oberman et al., 2008) , and therefore, potentially improvable. In this way, any side-effects of theta and beta regulation on brain regions involved in attention and executive function may have had a synergistic effect on the results we found in the hMNS areas. However, it was beyond the scope of the present study to determine the contribution of such secondary factors to the effects of mu-NFT. Therefore, although the EEG signal rewarded in our NFT protocol was recorded over an area of sensorimotor cortex known to generate the functionally distinct mu-rhythm (Manshanden et al., 2002) , we cannot completely rule out the contribution of theta and beta regulation, and the possible role of changes in executive function, to the post-NFT effects we have observed.
This study also lacked a control task designed to test the effects of mu-NFT on a nonsocial cognitive ability such as working memory. We prioritized minimal scan length and reduced task complexity, in light of the already stressful nature of undergoing an fMRI scan for children, particularly those with ASD. A lack of post-NFT effects on such a task may have helped demonstrate that the neurophysiological effects of mu-NFT are specific to areas involved in the imitation of biological motion. However, as we used a wholebrain field-of-view to test for brain activation, and found post-NFT interaction effects in areas associated with the hMNS, we are confident in the specificity of mu-NFT effects on this system. An additional limitation is the relatively small final sample size, due in part to attrition associated with the time-consuming nature of NFT across many sessions and weeks, and to excessive head motion in some participants. However, detection of significant group and posttraining effects even in this relatively small sample suggests that mu-NFT effects are robust. Our findings suggest that in children and adolescents with ASD, sensorimotor mu-NFT has significant positive effects on social behaviors, as well as on the neurofunctional substrates of those behaviors, potentially centered on mirror neuron networks. While similar NFT protocols have previously been shown to positively influence electrophysiological signatures of mirror neuron networks in autism, this is the first study using fMRI to directly localize effects of mu-NFT on brain regions involved in action-observation and imitation. The finding of strong correlations between behavioral improvements and activation changes specifically in these brain regions supports the use of mu-NFT to improve clinical outcomes for individuals on the autism spectrum.
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